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Abstract 
In the present study, the responses of microbial products in the biosorption process of Cu(II) onto 
aerobic granular sludge were evaluated by using batch and spectroscopic approaches. Batch 
experimental data showed that extracellular polymeric substances (EPSs) contributed to Cu(II) 
removal from an aqueous solution, especially when treating low metal concentrations, whereas 
soluble microbial products (SMPs) were released under the metal stress during biosorption process. 
A three-dimensional excitation-emission matrix (3D-EEM) identified four main fluorescence 
peaks in the EPS, i.e., tryptophan protein-like, aromatic protein-like, humic-like and fulvic acid-
like substances, and their fluorescence intensities decreased gradually in the presence of Cu(II) 
during the sorption process. Particularly, tryptophan protein-like substances quenched the Cu(II) 
binding to a much higher extent through a static quenching process with less than one class of 
binding sites. According to the synchronous fluorescence spectra, the whole fluorescence intensity 
of released SMP samples expressed an increased trend with different degrees along with contact 
time. Two-dimensional correlation spectroscopy (2D-COS) suggested that the fulvic-like 
fluorescence fraction might be more susceptible to metal exposure than other fractions. The result 
of molecular weight distribution demonstrated that the SMPs released from the biosorption process 
differed significantly according to contact time. The result obtained could provide new insights 
into the responses of microbial products from aerobic granular sludge with heavy metal treatment. 
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1. Introduction 
With the rapid development of population growth and industrialization worldwide, heavy metal 
pollution is of specific concern due to its toxicity, bioaccumulation tendency and persistence in 
nature [1]. In recent years, a great number of heavy metals are generated from many industries such 
as tanning, battery preparation, mining, surface finishing, energy and fuel production, electric 
appliance manufacturing, etc., and these industries create serious environmental pollution, 
threatening human health [2] ;  [3]. Due to the non-biodegradability of heavy metals, wastewater 
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containing heavy metals is often pre-treated by various physicochemical processes, including 
chemical precipitation, ion exchange, membrane separation, reverse osmosis and sorption [4]. 
 
Among these pretreatments, sorption is regarded as one of most cost-effective and environment-
friendly technologies for removal or recovery of heavy metal ions from aqueous solutions [5] ;  [6]. 
Until the present, various low-cost biosorbents have been developed by utilization of bacteria, 
waste sludge, bioflocs, biomass, fungi, etc. [7] ;  [8]. Compared to activated sludge, aerobic 
granular sludge has the advantages of a denser microbial structure and better settling capacity, 
meaning that aerobic granular sludge could easily be separated from the aqueous environment after 
metal pollutant treatment [9] ;  [10]. Therefore, aerobic granular sludge as a promising biosorbent 
has been applied successfully for treating various toxic chemicals in wastewater [11] ;  [12]. 
 
Specifically, microbial products, including extracellular polymeric substances (EPSs) and soluble 
microbial products (SMPs, or soluble EPSs), are excreted by sludge microorganisms due to the 
metabolic activity of bacterial cultures during their growth, decay or in a response to environmental 
conditions in wastewater treatment systems [13]. EPSs are located at or outside the cell surface, 
while SMPs are the soluble cellular polymeric components dissolved in aqueous solution, 
irrespective of their origins [14]. EPSs are well-known to play a significant role in affecting the 
physicochemical properties of aerobic granular sludge, including structure, stability, deposition, 
retention, flocculation, settling, dewatering, and biofouling [15] ;  [16]. Specifically, EPSs have 
been extensively applied as an effective adsorbent for treating heavy metal from wastewater 
because of their abundant functional groups and binding sites [17]. Therefore, the presence of EPSs 
in aerobic granular sludge is considered beneficial for migration and removal of heavy metals 
through a complexation process [18]. 
 
Although EPSs contribute to remove heavy metal from aqueous solution, SMPs may be released 
from microorganisms as by-products under the stress of toxic compounds during the sorption 
process. SMPs are generally accepted to be composed of hydrolysis products of EPSs and decay 
products of active cells, which are the major components of soluble organic matter in the effluents 
from wastewater treatment plants [19]. Hence, the release of SMPs from aerobic granular sludge 
under conditions of heavy metal exposure may negatively affect the quality of the biosorption-
treated effluent [14]. However, to the best of our knowledge, limited information is available about 
the production of SMPs in the biosorption process of heavy metal onto aerobic granular sludge. 
Therefore, it is essential to study SMP release in-depth, not only in terms of improving the 
comprehension of the sludge-based biosorption process but also providing possible information for 
reducing secondary pollution through the optimization of operational parameters. 
 
Based on the above discussion, the objective of this study was to evaluate the role and 
characterization of microbial products in the biosorption process of heavy metal onto aerobic 
granular sludge by using batch and spectroscopic approaches. To achieve this purpose, a combined 
use of excitation-emission matrix (EEM), synchronous fluorescence spectra, two-dimensional 
correlation spectroscopy (2D-COS), and molecular weight (MW) distribution was employed to 
characterize the properties of EPSs and SMPs in the biosorption process. The result obtained could 
provide better understanding of the responses of microbial products of sludge-based biosorbents 




2. Materials and methods 
2.1. Aerobic granular sludge 
Aerobic granular sludge was obtained from our laboratory-scale sequencing batch reactor (SBR), 
which was operated for more than one year for treating high ammonia-nitrogen wastewater. The 
detailed composition of influent wastewaters could be found in the literature reported by Wei et al. 
[20]. The average size of the aerobic granular sludge used for sorption experiments was 
approximately 1.5 mm. Before the sorption experiment, the aerobic granular sludge was collected 
at the end of the aeration process and washed three times using deionized water to remove the 
surface-soluble ions. 
 
2.2. Batch sorption experiments 
In the present study, all chemicals were of analytical-reagent grade and purchased from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China) without further purification. Cu(II) was selected as 
a target for biosorption onto aerobic granular sludge from the view point of sorption kinetics and 
sorption isotherms. Detailed biosorption kinetics experiments were carried out in a 250-mL 
Erlenmeyer bottle containing approximately 0.25 g (dry weight) of aerobic granular sludge and 
100 mL of Cu(II) solution (100 mg/L) at 25 °C. The initial pH of the mixed solution was adjusted 
to 5.0 by using 0.1 mol/L HCl and NaOH to avoid precipitation. The samples were taken at different 
time intervals in the range of 0–360 min. The adsorption isotherm experiment was carried out with 
different initial concentrations of Cu(II) from 25 to 1200 mg/L for 5 h to ensure equilibrium at 
25 °C. 
 
After the batch sorption experiments, the mixed solution was first centrifuged at 5000 rpm for 
10 min, and the Cu(II) concentration in the supernatant was measured to obtain the amount of Cu(II) 
sorbed onto the aerobic granular sludge. Then, the remaining aerobic granular sludge was used to 
extract EPSs, and the Cu(II) analyzed in the extracted EPS solution was recognized as Cu(II) 
adsorbed by EPSs. The Cu(II) adsorbed by sludge could be obtained by subtracting the amount 
absorbed by EPS from the total adsorption of aerobic granular sludge, as similarly reported by Xu 
et al. [21]. 
 
2.3. Fluorescence spectra 
EPS and SMP samples were extracted at various reaction times during biosorption kinetics 
experiments. More detailed EPS samples were extracted using a heating method, and the detailed 
procedure could be found in the literature reported by Li and Yang [22]. The 3D-EEM spectra were 
collected with subsequent scanning emission spectra from 280 to 550 nm at 0.5 nm increments by 
varying the excitation wavelength from 200 to 400 nm in 10 nm increments. The width of the 
excitation/emission slit was set to 5.0 nm, and the scanning speed was set to 1200 nm/min for all 
the fluorescence measurements. 
 
Fluorescence quenching titration of EPSs by Cu(II) was further used to evaluate the mechanism of 
the interaction between them through synchronous fluorescence spectra. More detailed, 5 mL EPS 
and different volumes of pre-determined Cu(II) solution were successively added into a 10 mL 
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centrifuge tube to ensure a pH of 5.0. The final Cu(II) concentrations in the mixed solution were 
varied from 0 to 200 mg/L. Next, the mixed solution was balanced for 4 h at room temperature to 
ensure sorption equilibrium. Then, synchronous fluorescence spectra were recorded from 240 to 
350 nm with Δλ at 60 nm. 
 
2.4. Synchronous fluorescence coupled with 2D-COS 
The Cu(II) concentration was analyzed using an atomic absorption spectrometer (GFA-7000, 
Shimadzu Co., Kyoto, Japan). The data were analyzed in triplicate, and the averaged data are 
presented here. The experimental error of the results was within ±5%. The molecular weight 
distribution of the SMP samples was measured using a high-performance liquid chromatography 
system (Waters 1525, Waters, USA). The 2D-COS was applied in this study according to the 








where x and t   are a spectral variable (i.e., wavelength) and an external perturbation, respectively. 
ỹ (x1, t) is the dynamic spectrum, and z (x2, t) is the Hilbert-transformed orthogonal spectrum. 
 
  
3. Results and discussion 
3.1. Contact time on EPS contribution to Cu(II) removal 
Fig. 1 shows the effect of contact time on Cu(II) sorption onto aerobic granular sludge, including 
the removal efficiencies caused by EPS as well as residual sludge. Cu(II) sorption onto aerobic 
granular sludge was found to occur in two steps as a function of contact time. The rapid metal 
sorption was completed within the initial 30 min, followed by a much slower uptake step for the 
next 330 min, with the total metal removal efficiencies of 93.6% and 96.5%, respectively. 
Specifically, Cu(II) binding to EPS had a relatively quicker sorption equilibrium time (15 min) than 
residual sludge (120 min), suggesting that the EPSs played a significant role in the initial sorption 
process. Detailed Cu(II) adsorbed by EPS accounted for 13.3% of the total removal efficiency 
within the initial 30 min, while the corresponding value decreased to approximately 11.6% at the 
end of the equilibration time. The decreased percentage of EPS removal of metal may be attributed 
to the increased sludge sorption in the slower uptake step. 
 
3.2. Sorption isotherm 
In present study, two common sorption isotherms of Langmuir and Freundlich models were used 
to fit Cu(II) sorption onto aerobic granular sludge in the presence and absence of EPSs, as shown 
in Fig. 2. Table S1 summarizes the constants and correlation coefficients of the adsorption 
isotherms for the adsorption of Cu(II) onto aerobic granular sludge. The sorption isotherms are 
fitted better by the Langmuir model than by the Freundlich model in spite of the presence and 
absence of EPSs, suggesting that Cu(II) sorption onto aerobic granular sludge is monolayer 
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coverage. Li et al. [24] also observed that Cu(II) sorption onto Fe2O3 (P-Fe2O3) microcubes was 
better fitted to the Langmuir model porous. The calculated maximum adsorption capacity (qm) from 
the Langmuir model is 123.2 mg/g for aerobic granular sludge (Table S1), suggesting excellent 
adsorption capacity of granular sludge-based biosorbent for Cu(II) for application. The qm of the 
aerobic granular sludge was like the observation of Cu(II) sorption onto Ca/Al-layered double 




















Fig. 1. Effect of contact time on Cu(II) sorption onto aerobic granular sludge 
 
Additionally, we conclude from Fig. 2B that EPS sorption for metal migration was significantly 
different at low and high influent metal concentrations. Specifically, EPS sorption contributed to 
82.85% of total Cu(II) removal with an initial Cu(II) concentration of 25 mg/L, whereas this 
percentage decreased to only 16.2% at a Cu(II) concentration of 400 mg/L. Hence, EPSs may be 
more important as a useful reservoir to protect the sludge microorganisms in the case of low 
concentrations of toxic substances. Moreover, the value of the maximum adsorption capacity (qm) 
was 114.01 mg/g of aerobic granular sludge in the absence of EPSs (Fig. 2A), implying that Cu(II) 
binding to EPS contributed 7.49% of total Cu(II) removal at equilibrium. 
 
3.3. Binding property and mechanism between EPS and Cu(II) 
Fig. 3 shows the 3D-EEM of EPS samples before and after binding to Cu(II) at various reaction 
times (0–360 min) during the sorption process. Table S2 summarizes the detailed fluorescence 
spectral parameters of EPS, including fluorescence intensity and peak location. As shown in Fig. 
3A, four main fluorescence peaks (Peaks A, B, C and D) were identified from the raw EPS in the 
absence of Cu(II). Peak A and Peak B were located at Ex/Em of 290/367 and 220/364 nm, 
respectively, corresponding to the presence of tryptophan PN-like substances and aromatic PN-like 
substances [26]. A broad peak was identified at Ex/Em of 350/444.5 nm (Peak C), suggesting the 
presence of humic-like substances [27]. Peak D presented a fluorescence peak at Ex/Em of 
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280/432 nm, indicating the presence of fulvic acid-like substances [28]. As contact time increased, 
not only fluorescence intensity but also fluorescence location in four EPS samples changed to 
different degrees. The intensity of Peak A decreased to a much higher extent (731.1–126.9 a.u.) 
than the intensity of the peaks from other substances, suggesting that tryptophan PN-like substances 





































Fig. 2. (A) Langmuir and Freundlich adsorption isotherms fit of Cu(II) sorption onto aerobic 
granular sludge in the presence and absence of EPSs; (B) EPSs removal contributions at various 





















Fig. 3. 3D-EEM of EPSs samples before and after binding to Cu(II) at various reaction times 
























To confirm the binding mechanism between tryptophan PN-like substances and Cu(II), 
synchronous fluorescence spectra were further applied to evaluate their interaction process at the 
molecular level. As shown in Fig. 4, a remarkable fluorescence peak was observed at 288 nm with 
fixed Δλ at 60 nm. The fluorescence intensity was found to be significantly quenched to the levels 
of 49.4% and 19.6% of the initial intensity of the raw EPSs when Cu(II) concentration increased 
from 20 to 200 mg/L, respectively. The result clearly proved the strong interaction between 
tryptophan residues in EPS and heavy metals. 
 
The modes of fluorescence quenching are mainly divided into static quenching and dynamic 
quenching [29]. The static mechanism is caused by ground-state complex formation between the 
fluorophores and the quencher, whereas the dynamic quenching results from diffusive encounter 
collisions in the excited-state [30]. To confirm the quenching mechanism, the fluorescence 
quenching data were further described by using the linear Stern-Volmer equation (3): 
F0/F=1+Ksv[Cu]=1+Kqτ0[Cu]                                                                      (3) 
where F0 and F are the fluorescence intensities in the absence and presence of Cu(II), respectively; 
Ksv is the Stern-Volmer quenching rate constant; Kq is the biomolecular quenching rate constant; 
τ0τ0 is the average lifetime of the molecule in the absence of quencher (10−8 s); and [Cu] is the 
Cu(II) concentration. 
 
The Stern-Volmer plot of tryptophan PN-like substances with increased dosages of Cu(II) is 
presented in Fig. S1. The quenching rate constant of Kq for PN-like substances was calculated as 
1.114 × 1011 L/mol/s, which was much greater than the maximum scatter collision quenching 
constant of the quencher to the biomacromolecule of 2.0 × 1010 L/mol/s. Therefore, the quenching 
between quencher and fluorescent substances was controlled mainly by a static quenching process 
from the formation of the EPS-Cu(II) complex rather than a dynamic quenching process. 
 
For a binding involving a static quenching mechanism, the relationship between fluorescence 





where Ka is the binding constant, reflecting the degree of reaction between the tryptophan PN-like 
substance and Cu(II), and n is the number of binding sites per EPS molecule, specifying the number 
of Cu(II) ions bound to a PN-like substance macromolecule. According to Fig. S2, the number of 
binding sites (n) for between PN-like substances and Cu(II) was smaller than 1 (approximately 
0.61), suggesting that less than one class of binding sites was present in the tryptophan PN-like 
substance. 
 
3.4. Smps released from biosorption process 
3.4.1. EEM spectra 
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Compared to 3D-EEM of the EPS samples, only two obvious fluorescence peaks (Peak C and Peak 
D) were identified from the released SMPs during the biosorption process at various reaction times 
(5 to 360 min). As described in Fig. 5, both corresponding fluorescence intensities expressed 
increasing trends with contact time (up to 419.39 and 636.28 a.u., respectively). Evidently, humic-
like substances (Peak C) with regard to a biological production and activity of microorganisms 
were representative of biodegradable substances, whereas fulvic acid-like substances could be 
referred to as non-biodegradable substances [26]. As shown in Table S3, the intensity ratio of Peak 
C/Peak D was consistently between 0.64 and 0.67, suggesting the two kinds of released SMP 
components were relatively stable throughout the whole sorption process. A clear redshift in terms 
of emission wavelength was observed in Peak C, which may be attributed to the changed structure 
of the chemical substances that were responsible for fluorescent characteristics, such as carbonyl-

























Fig. 5. 3D-EEM of SMPs release at various reaction times: (A) 5 min; (B) 45 min; (C) 240 min; 
(D) 360 min. 
 
3.4.2. Synchronous fluorescence spectra 
Fig. 6 shows the changes in synchronous fluorescence spectra of released SMP samples as a 
function of contact time. In the present study, three distinctive regions of synchronous spectra were 
assigned to protein-like, fulvic-like, and humic-like fluorescence fractions, corresponding to the 
wavelengths ranging from 250 to 300 nm, 300–380 nm and 380–550 nm, respectively [32]. As 
presented in Fig. 6, the whole fluorescence intensity expressed an increased trend with different 
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degrees along with contact time. A much higher peak at 370 nm was observed than the peaks at 
275 and 460 nm, implying that the fulvic-like fluorescence fraction was more sensitive to the 
addition of Cu(II). The result was consistent with the observation of 3D-EEM, suggesting that 
synchronous fluorescence spectra could constitute a useful method to assess the properties of 
released SMPs. Since the fluorescence intensity of SMP was time-dependent, the rapid adsorption 





















Fig. 6. Changes in synchronous fluorescence spectra of released SMPs as a function of contact 
time. 
 
As a rapid, information-rich and nondestructive monitoring tool, synchronous fluorescence has 
been applied successfully to analyze the microenvironmental changes of chromophores in water 
and wastewater. Guo et al. [33] identified the main fractions of fluorescent dissolved organic matter 
(DOM) during wastewater treatment by using synchronous spectra. Li et al. [34] also investigated 
the characterization of SMPs in a partial nitrification sequencing batch biofilm reactor, suggesting 
that the protein-like fluorescence fraction was the main component in SMP. Lai et al. [35] estimated 
the biodegradability of treated sewage samples using synchronous fluorescence spectra, implying 
that fluorescence indices are expected to be utilized for development of real-time monitoring. 
 
3.4.3. 2D-COS 
To examine the potential existence of heterogeneous sites with respect to the time-dependent 
synchronous fluorescence spectra, 2D-COS was further applied to enhance the spectral resolution 
for exploring the detailed properties of released SMPs. As shown in Fig. 7A, the synchronous map 
displayed three positive auto-peaks centering at approximately 276, 360, and 455 nm along the 
diagonal line, indicating that the spectral changes took place in the same direction at the 
corresponding wavelength ranges, as similarly reported by Xu and Jiang [36]. Moreover, the 
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intensities of auto-peaks in present study decreased in the following order: 367.5 > 281.5 > 455 nm, 
suggesting that the fulvic-like fluorescence fraction might be more susceptible to metal exposure 























Fig. 7. 2D-COS maps for the synchronous fluorescence spectra of released SMPs as a function of 
reaction time: (A) synchronous map; (B) asynchronous map. 
 
Correspondingly, the asynchronous map reveals the sequential or successive changes of spectral 
intensities in response to external perturbation [37]. As shown in Fig. 7B, one negative and two 
positive cross-peaks were observed above the diagonal line of the asynchronous map, centering at 
281/336 nm, 336/453 nm and 336/367.5, respectively. Based on Noda’s rule, the adsorption 
occurred sequentially in the order of 336 > 281, 367.5 and 453 nm, suggesting that the fulvic-like 
fraction occurred earlier in metal exposure than the protein-like and humic-like fluorescence 
fractions. The result also demonstrated that the shorter wavelength (336 nm) was preferentially 
released earlier than longer wavelengths in the fulvic-like fluorescence fraction (367.5 nm). 
 
3.4.4. MW distribution 
To better understand the different size ranges of SMPs released from the biosorption process, the 
MW distribution of released SMP samples was evaluated at initial and final reaction times (5 and 
330 min). Fig. 8 shows that two obvious peaks were identified from SMP samples with MW of 
approximately 861 and 1480 Da at the initial 5 min. Afterwards, more MW peaks with higher 
values appeared at approximately 220, 400, 1000, 1841 and 2542 Da at 330 min. The low-MW 
organic matter smaller than 1000 Da may be attributed to the presence of carbohydrates, organic 
acids and amino acids, etc. [38] The higher-MW (1000–1200 Da) fraction at 330 min may due to 
12 
 
the production of aromatic residues during the biosorption process (i.e., fulvic and humic acids), 
as similarly reported by Slomberg et al [39]. Therefore, the result of MW distribution implied that 






















Fig. 8. Molecular weight distribution of SMPs samples released from biosorption process at 
initial and final reaction times (5 and 330 min). 
 
4. Conclusions 
In summary, the results of the present study demonstrated that two kinds of microbial products 
(EPSs and SMPs) played different roles in the biosorption process of Cu(II) onto aerobic granular 
sludge. EPS binding was found to contribute to Cu(II) removal and was affected by contact time 
and influent metal concentrations. The interaction between EPSs and Cu(II) was caused mainly by 
tryptophan PN-like substances. In contrast, SMPs were simultaneous released with an increasing 
trend to contact time, which could be proved by using fluorescence spectra coupled to WM 
distribution. The result obtained could provide valuable information for understanding the 
responses of microbial products in the biosorption process of heavy metals onto sludge-based 
sorbents via a spectroscopic approach. Future investigations will be developed to reduce the SMP 
release simultaneously during the heavy metal biosorption process. 
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